Differentiation of ventral blood islands (VBI) in amphibian embryo is regulated primarily by bone morphogenetic protein (BMP), a member of the TGF-b superfamily (Dale et al., 1992; Jones et al., 1992) . BMP signaling activates essential genes that are related to hematopoietic and angiopoietic lineages (Walmsley et al., 1994; Maé no et al., 1996; Mead et al., 1998; Iraha et al., 2002) . Among downstream factors of BMP signaling, stem cell leukemia (SCL), a basic helix-loop-helix transcription factor, is a key factor involved in the blood island formation and it starts to express as early as the neurula stage (st. 15-16) in the VBI mesoderm (Mead et al., 1998) . Another transcription factor, GATA-2, is a direct target of the BMP signal (Friedle and Knochel, 2002) and is expressed in mesoderm and ectoderm cells in a broad area of the Xenopus embryo at the neurula stage (Walmsley et al., 1994) . Furthermore, GATA-2 binds the enhancer sequence of scl and induces the expression of scl in mice (Gottgens et al., 2002) , indicating that GATA-2 has a central role in the development of the VBI.
Introduction
Differentiation of ventral blood islands (VBI) in amphibian embryo is regulated primarily by bone morphogenetic protein (BMP), a member of the TGF-b superfamily (Dale et al., 1992; Jones et al., 1992) . BMP signaling activates essential genes that are related to hematopoietic and angiopoietic lineages (Walmsley et al., 1994; Maé no et al., 1996; Mead et al., 1998; Iraha et al., 2002) . Among downstream factors of BMP signaling, stem cell leukemia (SCL), a basic helix-loop-helix transcription factor, is a key factor involved in the blood island formation and it starts to express as early as the neurula stage (st. 15-16) in the VBI mesoderm (Mead et al., 1998) . Another transcription factor, GATA-2, is a direct target of the BMP signal (Friedle and Knochel, 2002) and is expressed in mesoderm and ectoderm cells in a broad area of the Xenopus embryo at the neurula stage (Walmsley et al., 1994) . Furthermore, GATA-2 binds the enhancer sequence of scl and induces the expression of scl in mice (Gottgens et al., 2002) , indicating that GATA-2 has a central role in the development of the VBI.
Studies on amphibian embryos have also shown that tissue-tissue interaction is important for blood cell differentiation. For example, the ventral marginal zone (VMZ) at the early gastrula stage contains blood cell precursor cells, but they need interaction with animal pole tissue to differentiate into erythrocytes and leukocytes (Maé no et al., 1992 (Maé no et al., , 1994a  0925-4773/$ -see front matter Ó 2007 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2007.11.003 Miyanaga et al., 1998) . Exogastrula embryos induced in a highsalt medium lose the interaction of mesoderm and ectoderm, and such embryos lack the differentiation of erythrocytes (Kikkawa et al., 2001) . These findings suggest the existence of a factor(s) in ectodermal cells that is necessary for the differentiation of blood cells in the ventral mesoderm (Maé no, 2003) , but the nature of this factor(s) is unknown.
In the present study, therefore, we predicted the existence of uncharacterized factors that are expressed in ventral tissues at the early neurula stage and involved in the development of blood cells and blood vessel cells. We made a subtracted cDNA library from early neurula embryos and isolated several cDNA clones that were expressed in the ventral region of the neurula embryo. Three related clones, referred to as rdd (repeated D domain-like) 2-4, were characterized in the present study because rdd transcripts were localized to the ventral and lateral regions of the neurula embryo. Analysis of the nucleotide sequences showed that rdd2, 3 and 4 code for predicted secretory proteins consisting of repeated cysteine-rich domains. Inhibition of endogenous expression of rdd3 and rdd4 by using antisense Morpholino oligonucleotides revealed that these proteins are essential for the differentiation of blood vessels and blood cells in early embryogenesis.
Results

Isolation of cDNA related to the differentiation of lateral and ventral tissues
It has been shown in amphibian embryos that BMP-4 is an essential factor for morphogenesis of lateral and ventral tissues and for initiation of the hematopoietic program (Mead et al., 1998; Maé no et al., 1994a, b; Walmsley et al., 2002) . Expression of BMP-4 in the prospective ventral region of the embryos peaks at the gastrula stage (Dale et al., 1992; Jones et al., 1992; Fainsod et al., 1994) and decreases at the neurula stage. Therefore, we predicted the existence of unknown factors that positively regulate the formation of ventral tissues at neurula stage. In order to obtain candidate cDNA clones for such factors, we made cDNAs from early neurula embryos that had been injected with BMP-4 RNA. The cDNAs were then hybridized with driver RNA extracted from early gastrula embryos. Excess BMP-4 RNA was also added to remove cDNA derived from the injected BMP-4. Further screening was performed by whole-mount in situ hybridization analysis to select cDNAs that were expressed in the ventral but not the dorsal part of the embryo at neurula stage. In 48 randomly selected clones, 8 clones were preferentially expressed on ventral side of the embryos (S- Fig. 1 ). The nucleotide sequences of these 8 clones were analyzed, and it was found that the sequence of one cDNA clone completely matched the sequence of rdd2 (AF465786). Three other sequences related to rdd2 (rdd1, AF465785; rdd3, AF465787; rdd4, AF465788) were also identified in public databases. These cDNAs were originally isolated by yeast-based selection to identify secretory proteins (Sun et al., 1999) .
Sequence analysis revealed that each cDNA encodes for a protein containing a putative signal sequence followed by repeats of a cysteine-rich domain (Fig. 1) . These repeats are distantly related to the D domains found in von Willebrand factor (vWF) (26-30% identical, 39-50% similar to the D domain of vWF) and other secreted proteins, such as mucin and zonadhesin (Verweij et al., 1986; van de Bovenkamp et al., 1998; Hardy and Garbers, 1995; Gao and Garbers, 1998) . Rdd proteins are unusual in that, while other D domain proteins contain additional unrelated domains, rdds are composed only of D-like (DL) domains. Comparison of the amino acid sequences of rdd3 and rdd4 shows that they are highly conserved (95-100% identical in whole coding region). Compared to rdd3, rdd4 has an extra DL domain (DL2) and a few sequence differences in the 5 0 UTR (Fig. 1A) . Although no genomic data for these clones are available, it is possible that these two cDNAs represent different splice products of the same gene.
Expression of rdd2 and rdd4 in embryogenesis
We performed Northern blot analysis to examine the expression patterns of rdd2, rdd3 and rdd4 in Xenopus embryogenesis ( Fig. 2A) . The rdd2 probe revealed a single band of approximately 0.7 kb in size, and the rdd4 probe revealed two bands of 0.9 kb and 1.1 kb in size. Since rdd3 and rdd4 shared the nucleotide sequence in a great degree, it was pertinent to predict that the 0.9 kb-band corresponds to rdd3 transcript and that the 1.1 kb-band corresponds to rdd4 transcript. Expression of these messages was not detectable at the early gastrula stage (st. 10), but it increased during early neurula stages and peaked at the early tailbud stage. To examine the spatial pattern of rdd expression in embryos, wholemount in situ hybridization was performed using rdd2 and rdd4 antisense riboprobes ( Fig. 2B-P) . Expression of rdd2 and rdd4 (and rdd3) was not observed in embryos until the early gastrula stage (Fig. 2B and J) . No maternal message was detected at all in in situ hybridization or RT-PCR analysis (data not shown). Weak expression of rdd2 and rdd4 was first visible in the prospective ventral marginal zone at late gastrula stage (st. 12, Fig. 2C and K), and expression became stronger in the same region by neurula stage (st. 13, Figs. 2D and 3L; st. 15, Fig. 2E and M) . At early tailbud stage, the highest level of expression was seen in the lateral and ventral trunk region (st. 19, Fig. 2F and N; st. 23, Fig. 2G and O) . At this stage, no expression was observed in the somites or more dorsal tissues, nor was transcripts detected in the head or tail region (Fig. 2F, G, N and O) . The expression level decreased through tailbud stages, and weak expression was still observed in the lateral plate mesoderm (pronephric region) at the late tailbud stage (st. 32, Fig. 2H and P). Dissection of an early tailbud embryo after whole-mount staining showed the expression of rdd2 in both the mesoderm and ectoderm (Fig. 2I) . We examined the expression of rdd1 by in situ hybridization analysis and found that rdd1 is strongly expressed in dorsal ectoderm including the central nervous system at the neurula stage (data not shown). This result suggested a distinct role of rdd1 in embryogenesis and we discontinued the experiments on rdd1 since this protein may not be involved in the blood and vascular cell differentiation.
In order to examine whether the expression of rdd2-4 is regulated by BMP-4 signaling, BMP-4 RNA or tBR RNA was injected into early embryonic cells and the expression of rdd2 and rdd3/4 in the neurula embryos was investigated. In Northern blot analysis, the expression of rdd2 and rdd3/4 was highly enhanced in the BMP-4-injected embryos in comparison with the expression in intact embryos, (Fig. 2Q) . The same result was obtained in the expression of rdd2 in whole-mount in situ analysis ( Fig. 2R and S) . In sharp contrast, no expression of rdd2 was observed in the tBR-injected embryo (Fig. 2T) , indicating that BMP-4 signaling is necessary and sufficient for the initiation and maintenance of rdd2 expression at the neurula stage. We also examined the expression of rdd3/4 in the animal cap and ventral marginal zone explants that had been injected with BMP-4 or tBR RNA and essentially the same result was obtained as the expression of rdd2 (Fig. 2U-X ).
2.3.
Injection of rdd Morpholino oligos and their effect on the embryogenesis
As described above, rdds contain repeated D-like regions that were originally found in the von Willebrand factor, a component of blood clotting reaction at the site of injury (Verweij et al., 1986) . The D domain consists of multiple cysteine residues, and the positions of cysteine in the domain were conserved among these proteins. Therefore, we predicted that rdd's function in embryogenesis by interacting with extracellular components. In order to elucidate the function of rdd2-4, prospective dorsal blastomeres of embryos at the 4-cell stage were injected with different doses of rdd2 or rdd4 RNA and morphogenesis of the injected embryos was observed. Injected embryos developed normally in morphology until the late tailbud stage regardless of the quantity of RNA injected.
We made antisense Morpholino oligos (MOs) targeting rdd2 and rdd3/4 RNA sequences to inhibit the translation of endogenous rdds (Fig. 1) . Nucleotide sequences of the translation initiation sites of rdd3 and rdd4 were completely identical, and rdd3/4 MO was therefore expected to inhibit the translation of both rdd3 and rdd4. An in vitro translation system using reticulocyte lysate showed that translation of rdd2 mRNA was completely blocked by rdd2 MO but not by rdd3/4 MO or by control MO (Fig. 3A) . Likewise, translation of rdd3 and rdd4 mRNA was blocked by rdd3/4 MO but not by rdd2 MO or by control MO. Furthermore, Western blot analysis revealed that translation of flag-tagged rdd3 was specifically blocked by rdd3/4 MO but not by control MO in the embryos that were injected with rdd3-flag mRNA (Fig. 3B ). We then examined the effect of MOs on the morphogenesis of injected embryos. Embryos injected with 9 pmol rdd3/4 MO were allowed to develop until the swimming tadpole stage, and these tadpoles showed normal morphology ( Fig. 3C-E) . However, we found that these animals had no red blood cell circulation when the dorsal and ventral cardinal veins were observed under the microscope, although the heart beat of these animals occurred normally. As shown in . Animal pole area of 2-cell-stage embryos was injected with each MO (9 pmol/embryo) and these embryos were allowed to develop until st. 42/43. Tadpoles developed normally in morphology regardless of the type of injected MO (rdd2 MO, rdd3/4 MO and cont. MO). However, observation under a microscope showed that the tadpoles injected with rdd3/4 MO lacked blood cell circulation in the cardinal veins of the tail region (see Table 1 ). (F-K) Whole-mount antibody staining of intact embryos (st. 37/38) (F and I) and embryos injected with cont. MO (G and J) or rdd3/4 MO (H and K). a-globinpositive cells (red blood cells) were distributed throughout the entire body in intact embryo (F) and cont. MO-injected embryo (G), whereas they were localized only in the ventral portion in the rdd3/4 MO-injected embryo (H). Formation of somites seemed normal as shown by distribution of muscle actin-positive cells in the intact embryo (H) and MO-injected embryos (I and J). Embryos were injected with rdd3/4 MO (9 pmol/embryo) or control MO (9 pmol/embryo) at the 2-cell stage, and resultant embryos were cultured until the swimming tadpole stage (st. 42-43) . Major blood vessels in the tail region were observed under a dissected microscope. Although all tadpoles injected with rdd 3/4 MO exhibited heart beating normally, blood circulation was absent in many individuals in terms of red blood cell migration in the tail vessels.
cells was also normal in these tadpoles (14 of 14 being positive for blood circulation) (S- Fig. 2 ). To confirm the above observations, we performed wholemount antibody staining to show the localization of a larval globin in tadpoles injected with rdd3/4 MO. As shown in Fig. 3F -H, a normal st. 37/38 embryo and an embryo injected with control MO had positive staining of larval globin in the entire body, since the blood circulation system had already been established (Circulation was positive in 7/7 normal embryos and in 7/7 control MO-injected embryos.) In contrast, an embryo injected with rdd3/4 MO showed a weak staining of globin only in the ventral blood islands (Circulation was positive in 0/10 rdd3/4 MO-injected embryos.) These results indicated that rdd3/4 MO disrupts the establishment of the blood circulation system in injected embryos. We also examined the expression of muscle actin using an anti-muscle actin antibody and found no effect on the formation of somites in MO-injected embryos (Fig. 3I-K) .
2.4.
Histological and biological analyses of embryos injected with rdd3/4 MO Embryos injected with rdd3/4 MO were cultured until st. 42/43 and these tadpoles were fixed for the histological analysis. Transverse sections at the levels of the otic vesicles, heart, pronephros and intestine were examined in the MO-injected and control tadpoles (Fig. 4A ). There was no significant difference in development of the cephalic mesenchyme ( Fig. 4B and C) , heart ( Fig. 4F and G) and pronephric ducts ( Fig. 4H and I ) in any of the embryos examined (n = 6). On the other hand, interestingly, we found that the dorsal aorta ( Fig. 4L and M) , external carotid arteries ( Fig. 4D and E) and posterior cardinal veins ( Fig. 4L and M) completely disappeared in all of the tadpoles injected with rdd3/4 MO (n = 6). The outer layer of the mesenterium was also lost in MO-injected tadpoles (absent in 6/6) ( Fig. 4J and K) . We could not find blood cells in the endocardium of the heart (data not shown), supporting the observation of no blood circulation in the bodies of live animals (Table 1) . Furthermore, we found occasionally that MO-injected tadpoles were frequently missing the mesenchymal cells that develop in the region between the somites and epidermis (absent in 5/6) (data not shown). These histological observations revealed that knockdown of rdd3 and rdd4 in embryos caused severe defects in differentiation of blood vessels and erythrocytes as well as in differentiation of the mesenterium at the trunk level.
In order to confirm the results obtained by morphological and histological analyses, we further investigated the effects of rdd3/4 MO on the expression of differentiation markers in injected embryos. We injected rdd3/4 MO (4.5 pmol/embryo) into two right side blastomeres of the 4-cell-stage embryos and compared the expression levels of each differentiation marker in the left and right sides of the body. Whole-mount in situ hybridization analysis revealed that the expression of flk-1, an endothelial cell marker, remained positively although the intensity was slightly diminished in the intermediate mesoderm of the injected side (reduced in 12/22) ( Fig. 5A and B). Essentially the same result was observed in the expression of tie-2 (Fig. 5C and D) . Other ventral markers, including lim-1 (pronephros), hex (liver rudiment), myosin heavy chain-a (heart) and scl (blood precursor cells) were also examined and no difference was found between the injected and uninjected sides (reduced in 0/10 for each marker) ( Fig. 5E-I ). On the other hand, expression of larval a-globin (T3 globin) at the late tailbud stage (st. 32) was dramatically reduced in the MO-injected side (reduced in 21/29) (Fig. 5J) . Another erythroid differentiation marker, neptune, at the late tailbud stage (st. 32) was also reduced by the injection of rdd3/4 MO (reduced in 7/12) (data not shown). To confirm the specific effect of MO on globin expression, the right side blastomere at the 2-cell stage was injected with b-gal RNA alone or b-gal RNA + rdd3/4 MO ( Fig. 5K-N) , and resultant embryos at st. 32 were fixed and subjected to Red-Gal staining and in situ hybridization. As shown in Fig. 5L , reduction of a-globin expression was evident on the MO-injected side of the animal (arrowheads in Fig. 5L and N) . Observation of dissected embryos after staining revealed that b-gal activity (shown as red color) was localized mainly in a surface cell layer, but a-globin expression (shown as blue color) is observed in a deep cell layer. Therefore, injection of rdd3/4 MO affected the expression of late differentiation markers in erythropoiesis, such as a-globin and neptune, but did not affect the expression of early differentiation marker, scl or the expression of markers in angiogenesis, flk-1 and tie-2.
2.5.
Restoration of MO-dependent defects by injection of rdd2/4 fusion RNA In order to examine whether rdd3/4 MO inhibits the translation of rdd3 and rdd4 specifically, we made a fusion construct of rdd2 and rdd4 cDNA (rdd2/4f) and used it for a restoration experiment. The fusion gene consisted of the 5 0 UTR sequence and the region coding for the signal sequence of rdd2 (amino acids 1-30) followed by the region for DL1-DL4 of rdd4 (amino acids 26-286) (Fig. 6A) . rdd2/4f lacks the targeting sequence of rdd3/4 MO but still possesses all of the functional DL domains of rdd4. Therefore, we expected that rdd2/4f could recover the biological effect of rdd3/4 MO. Animal pole region was injected with rdd3/4 MO (9 pmol) alone or with rdd3/4 MO (9 pmol) and rdd2/4f RNA (0.5 ng) together at the 2-cell stage, and these embryos were cultured until the swimming tadpole stage (st. 42/43). We found that only 3.0% (1/33) of the animals that had been injected with rdd3/4 MO alone exhibited circulation of blood cells but that 58.6% (17/29) of the animals exhibited normal blood circulation when rdd3/4 MO and rdd2/4f RNA were coinjected ( Table 2) . The hearts of all of these animals were beating normally.
Histological analysis was performed on the tadpoles injected with MO and rdd2/4f RNA. Transverse sections at the levels of the otic vesicles and intestine from tadpoles injected with MO alone and from tadpoles injected with MO and rdd2/4f RNA were compared. We could not find the dorsal aorta (Fig. 6G) , external carotid arteries (Fig. 6C) , posterior cardinal veins (Fig. 6G ) and the outer layer of mesenterium (Fig. 6E) in any of the tadpoles injected with rdd3/4 MO alone (n = 6). However, when rdd2/4f RNA was simultaneously injected, recovery of the dorsal aorta (present in 4/4, Fig. 6H ), external carotid arteries (present in 2/4, Fig. 6D ), posterior cardinal veins (appeared in 3/4, Fig. 6H ) and the outer layer of mesenterium (present in 2/4, Fig. 6F ) was observed. However development of mesenchymal cells at the trunk level was not recovered by injection of rdd2/ 4f RNA (present in 0/4, data not shown).
We tested whether rdd2/4f RNA can restore the differentiation of blood cells in the ventral blood islands if coinjected with rdd3/4 MO. Embryos injected with rdd3/4 MO (9 pmol) in the animal pole region at the 2-cell stage showed reduction of a-globin expression at the tailbud stage (st. 32) (reduced in 22/33, 66.5%) (Fig. 6J) . However, simultaneous injection of rdd3/4 MO (9 pmol) and rdd2/4f RNA (0.5 ng) restored the number of embryos expressing a-globin (reduced in 10/43, 23.3%) (Fig. 6K) . In this experiment, b-gal RNA was injected as a tracer in all of the animals and no reduction of a-globin expression was observed in the embryos injected with b-gal RNA alone (reduced in 0/33, 0%) (Fig. 6I) . We concluded, therefore, that rdd3/4 MO suppressed the morphogenesis of blood vessels and the differentiation of erythrocytes by inhibiting endogenous translation of rdd3 and rdd4 specifically.
Migration of angioblasts and myeloid cells was disturbed in MO-injected embryos
Whole-mount in situ hybridization analysis showed the existence of endothelial precursor cells in the rdd-depleted embryo, suggesting that differentiation of precursor cells occur normally. Thus we predicted that the late step of differentiation of vascular cells might be disordered in the MOinjected embryo. Since the previous study revealed that angioblasts located in the lateral plate mesoderm need migration toward the midline of the embryo to form the dorsal aorta (Cleaver and Krieg, 1998), we decided to examine if the angioblasts migrate normally in the MO-injected embryo. 
intestine). (B-M) Histological views of sections of intact tadpoles (B, D, F, H, J and L) and tadpoles that had been injected with rdd3/4 MO (C, E, G, I, K, M and O). Formation of cephalic mesenchyme (C), heart (G) and pronephros (I) in rdd3/4 MO-injected animals was histologically normal in comparison with that in intact animals (B, F and H). However, MO-injected animals lacked structures of the ventral aorta (E), dorsal aorta (M), posterior cardinal vein (M) and mesenterium (K)
. These structures were clearly observed in the intact tadpoles (D, J and L). me, mesenchyme; va, ventral aorta; e, endocardium; m, myocardium; ep, epicardium; pt, pronephric tubules; mt, mesenterium; da, dorsal aorta; cv, posterior cardinal vein.
We performed transplantation of gfp-and b-gal-labeled lateral plate mesoderm (LPM) tissue in three different combinations, i.e., intact LPM in intact host, intact LPM in MO-injected host and MO-injected LPM in intact host (Fig. 7A-D) . Grafted embryos were cultured until st. 37/38 at which the major blood vessels have been formed, and the donor cells were visualized by staining with X-gal. On the basis of histological analysis, LPM-derived cells were found in the dorsal aorta if an intact LPM tissue was grafted onto the host animals that were either from untreated normal embryos or from MO-treated embryos (arrows in Fig. 7E and F) . In contrast, LPM-derived cells were not incorporated in the dorsal aorta of the intact host embryos that had received MO-treated LPM tissue (arrow in Fig. 7G ). These results demonstrate that LPM lacking the expression of rdd proteins contains the angioblasts and surrounding mesenchyme cells but these cells have less capability to move toward the midline of the embryo to form the vessel.
Grafted tissue of the lateral plate mesoderm contains both the angioblasts and the surrounding mesenchyme cells. Thus it is difficult to determine whether the angioblasts themselves need to express rdd proteins or the surrounding mesenchyme cells produce them for angioblast migration. Thus, we examined the role of rdd proteins in the migration of another type of embryonic cells. Recent studies identified a unique population of myeloid cells that arise from the anterior ventral portion of neurula embryo (Smith et al., 2002; Tashiro et al., 2006) . These cells expand to entire body during a certain period between neurula and tailbud stages. Whole-mount in situ hybridization analysis showed that pox2-positive myeloid cells existed in a whole body of the control embryo at the tailbud stage, but a less number of myeloid cells were found in the rdd3/4 MO-injected embryo ( Fig. 8A and B) . We counted the number of pox2-positive cells in the posterior half of the embryos that had been injected with rdd3/4 MO or of the uninjected embryos. The mean number ± SD of pox2-positive (E and F) , hex (G), myosin heavy chain-a (MHC-a) (H), scl (I) and a-globin (J) was examined in the resultant embryos at the tailbud stage (st. 32). Levels of expression of each gene in the right and left sides of embryos were compared. Note that expression of a-globin was suppressed in the injected side of the embryos (arrowhead in J), but the expression of flk-1, tie-2, scl, hex, MHC-a and lim-1 was not affected by injection (arrowheads in B, D and F). In another series of experiment, embryos were injected with b-gal RNA (0.5 ng/embryo) alone (K and M) or b-gal RNA with rdd3/4 MO (4.5 pmol) (L and N) in the right side of embryo and were allowed to developed until st. 32. Fixed embryos were stained with Red-Gal (red dye as a tracer), followed by in situ hybridization to detect a-globin expression. M and N show the dissected embryos of K and L, respectively. β -gal β -ga+MOl β -gal Embryos were injected with H 2 O, rdd3/4 MO (9 pmol/embryo) or rdd3/4 MO (9 pmol/embryo) and rdd2/4f RNA (0.5 ng/embryo) together at the 2-cell stage, and resultant embryos were cultured until the swimming tadpole stage (st. 42-43) . Major blood vessels in the tail region were observed under a dissected microscope. Blood circulation was absent in the majority of rdd3/4 MO-injected embryos, whereas coinjection of rdd2/4f mRNA restored the effect of MO. Regardless of treatments, heart beating occurred normally in the embryos examined.
cells in the MO-injected and uninjected embryos were 84.2 ± 23.3 (n = 11) and 24.2 ± 21.1 (n = 10), respectively. In order to examine whether rdd proteins are essential for the myeloid cell migration, GFP-and b-gal-labeled tissue including the myeloid primordium was grafted onto the host embryos at the early neurula stage (st. 13-14) that had received injection of rdd3/4 MO. After incubation of embryos, many GFP-positive cells were found in the area other than grafted area, indicating that myeloid cells derived from the grafted tissue migrated in the host tissue (Fig. 8C) . However, GFP-positive cells were mostly found in the grafted area but not in the host tissue if the primordium was grafted onto the MO-injected host embryo (Fig. 8D) . For the quantitative analysis, we counted the number of b-gal-positive cells that migrated for more than 100 lm from the grafted area. As shown in Fig. 8E , the mean number ± SD of the b-gal-positive cells in the MO-injected and uninjected host embryos were 111 ± 40.9 (n = 5) and 32.4 ± 17.3 (n = 5). These results, together with those of LPM transplantation experiment, strongly suggest that rdd proteins function as a component of extracellular matrix that is necessary for migration of embryonic cells. Finally, we investigated the biochemical property of rdd proteins. For this purpose, we generated HA-tagged rdd2 and rdd3 (rdd2-HA and rdd3-HA) and these proteins were expressed in the oocytes and embryos. rdd2-HA or rdd3-HA RNA was injected into defolliculated oocytes and the culture medium was harvested after 24 h of RNA injection. Western blot analysis using HA-antibody showed that both rdd2-HA and rdd3-HA were detected in the medium, indicating that rdd2 and rdd3 are secretory proteins in molecular nature (Fig. 9A) . Furthermore, rdd3-HA and b-gal RNAs were injected into one blastomere (C2D2 in the left side) of 16-cell-stage embryos, and these embryos were cultured until the tailbud stage (st. 32). Lineage-tracing experiment revealed that the lateral plate mesoderm at the left side of embryo was mainly labeled (Fig. 9B) . Immunostaining of HA epitope showed that exogenous rdd3 was detected in the same region where b-gal was positively stained (Fig. 9C and  D) . The result suggested that rdd proteins are secreted and kept in the local region of rdd-expressing cells.
Discussion
In this study, we attempted to isolate novel genes downstream of the BMP signaling pathway in ventral tissue formation of the Xenopus embryo. For this purpose, we made a subtracted cDNA library from early neurula embryos that had been injected with BMP-4 RNA. Since formation of the anterodorsal structure is suppressed in BMP-4-injected embryos, we expected that this cDNA library would contain fewer of the genes expressed in antero-dorsal tissues. Housekeeping genes that are commonly expressed in the gastrula and neurula stages were also removed from the library. We performed PCR analysis to examine the frequencies of histone H4 (ubiquitously expressed gene), slug (dorsally expressed gene), GATA-2 (ventrally expressed gene), vent-1 (ventrally expressed gene) and BMP-4 (used as a driver) DNAs in the cDNA pools before and after subtraction. histone H4, slug and BMP-4 DNA were present in the subtracted cDNA pool at lower levels (8-16 times less) than the levels in the unsubtracted pool. In contrast, GATA-2 and vent-1 were detected in the cDNA pools before and after subtraction (S- Fig. 1 ). We concluded, therefore, that the process of subtraction was successful in our cDNA library for isolation of ventrally accumulated genes at the neurula stage.
During blood cell differentiation in early embryogenesis, one of the earliest markers specifically expressed in the ventral blood islands is stem cell leukemia (scl), which starts to be expressed at the neurula stage (st. 15-16) (Mead et al., 1998) . Our previous data demonstrated that differentiation of red blood cells in the ventral mesoderm requires interaction with the overlying ectoderm layer (Maé no et al., 1994a; Maé no, 2003) , suggesting that determination of blood cell lineage occurs between the late gastrula and early neurula stages. Since the expression level of BMP-4 in the presumptive ectoderm and mesoderm cells decreases by the late gastrula stage, we predicted that factors responsible for determination of blood cells are not the direct target genes of the BMP-4 signal but that such factors start to be expressed at the late gastrula stage. The library used in the present study is suitable for isolation of genes implicated in the formation of blood islands in the ventral mesoderm in the Xenopus embryo. In fact, the expression pattern of rdd2 at the neurula stage was different from the expression patterns of ventralizing factors reported previously (Kelley et al., 1994; Dosch et al., 1997; Maeda et al., 1997) . Besides rdd2, we were able to isolate a cDNA coding for a novel protein that is expressed in the ventral region of the neurula embryo (unpublished observation). Results of recent studies in which searches were made for target genes of the BMP signal have been published (Vaes et al., 2002; Korchynskyi et al., 2003; Peiffer et al., 2005) , but those studies were aimed at isolating direct target genes in the Xenopus embryo or in an osteoblast cell line. In this respect, our library may be unique and useful for isolating genes indirectly activated by the BMP-4 signal.
We found that the expression of a-globin and neptune was significantly suppressed by the injection of rdd3/4 MO, but scl expression was not affected. Furthermore, flk-1 and tie-2 transcripts were expressed at the lateral plate even in the MO-injected side, although dorsal aorta and cardinal veins at the dorsal midline were lost by injection of MO (Figs. 4  and 5 ). This observation suggested that rdd proteins are necessary in terminal differentiation steps of blood and vascular cells. Furthermore, we examined the expression of hematopoietic and angiopoietic marker genes by the RT-PCR analysis in the ventral marginal zone explants that had been previously injected with rdd3/4 MO and found that all the markers, such as gata-2, fli-1, flk-1, tie-2, scl, gata-1 and a-globin, were positively detected (S- Fig. 3 ). Overall data demonstrate that the biological function of rdd proteins is likely related to the morphogenesis of tissues and organs rather than to the regulation of differentiation program in each cell lineage.
The biochemical (Fig. 9) and functional (Figs. 7 and 8) analyses suggest that rdd proteins function as a component of extracellular matrix. All these three proteins have 2-4 repeats of D-like domains (DL1-DL4) of human von Willebrand factor (vWF) (Fig. 1) . vWF is a large protein consisting of 2813 amino acids and composed of 2-4 repeats of A-D domains. D domain repeats are rich in cysteine residues (8-10%) whose positions are conserved (Verweij et al., 1986) . It has been suggested that the D domain structure is necessary for formation of the platelet plugs when blood vessels are injured (Voorberg et al., 1990 ). Thus, it is possible that rdd proteins interact with unknown proteins through DL domains in the extracellular space, although the molecular mechanism of rdd action remains unknown.
Analyses of rdd2-4 revealed that these transcripts are expressed in the same domains of the embryo at the same stage, suggesting that the functions of these proteins are similar. Our early experiments showed that injection of either rdd2 MO (9 pmol/embryo) or rdd3/4 (9 pmol/embryo) had no effect on the overall morphology of embryos. However, animals that received injection of a high dose of rdd3/4 MO (18 pmol) exhibited an impaired tail, in addition to deficiency of blood circulation. Such animals had a bent and short tail and their fin structure was shrunken (S- Fig. 2 ). This observation suggested that rdd3 and rdd4 are not only involved in the process of morphogenesis of blood cells and blood vessels but also morphogenesis of mesenchyme and possibly other mesoderm-and ectoderm-derivatives at the trunk level. Furthermore, morphological change in the tail region was also observed when rdd2 MO (9 pmol) and rdd3/4 MO (9 pmol) were simultaneously injected. These findings suggest that endogenous rdd2 also participates in the development of posterior structures. We speculated that rdd3/4 was able to compensate for the activity of rdd2 in vivo, and, therefore, treatment with rdd2 MO alone did not effect a morphological change in injected animals.
The primary nucleotide sequences of rdd3 and rdd4 are highly related each other and rdd3/4 MO targets the common sequence (Fig. 1) . We designed an additional MO (rdd3 MO) that binds to the region of 5-base insertion at the 5 0 -UTR (À33 to À29) of rdd3 to distinguish the activity of rdd3 and rdd4. However, this MO was not able to block the translation of either rdd3 or rdd4, possibly due to the position of MO-target region was too far from the translation initiation site. . These animals were allowed to develop until st. 37/38 at which the dorsal aorta is formed in the AGM area and were stained with X-gal solution to show the donor cells. Histological analysis of these animals revealed that donor cells contributed to dorsal aorta if the donor cells were normal phenotype (B, E and H), even though the host tissues were derived from MO-injected embryo (C, F and I). However, if donor cells were derived from MO-injected embryo, these cells remained in the surface area of the embryo and did not contribute to the dorsal aorta (D, G and J). The same results were obtained at least in three explants in each combination. Inset figures in E, F and G show the view of high magnification of aortic area (arrows in E, F and G) and H, I and J depict the distribution of donor and host cells on the basis of the lineage-tracing experiment. da, dorsal aorta; n, notochord.
Thus we cannot conclude which of rdds (rdd3 or rdd4) contributes to the biological function at present. In future, the biochemical approaches should be done to answer this question. For example, whether rdd3 and rdd4 can bind each other via the DL domains will be determined.
4.
Materials and methods
Construction of subtracted cDNA library
Total RNA was extracted from approximately 300 early neurula embryos that had been injected with BMP-4 RNA in the prospective dorsal blastomeres at the 4-cell stage (1.5 ng/embryo), and poly(A)+RNA was purified by an oligo(dT) spin column. Poly(A)+R-NA was also prepared from normal st. 10 embryos. Subtraction of cDNA made from the BMP-4-injected embryos was performed with a PCR-Select TM cDNA Subtraction Kit according to the protocol of the manufacturer (BD Biosciences) using poly(A)+RNA from st. 10 embryos as a driver. By this subtraction, we expected the concentration of BMP-4-dependent messages those are expressed in the neurula stage, but not in the gastrula stage. Subtracted cDNAs were cloned into the T-Easy vector (Promega), and 48 randomly selected clones were further processed for whole-mount in situ hybridization analysis to obtain cDNA clones expressed in the ventral side of the embryo at neural stage.
Embryos and microinjection
Xenopus laevis females were injected with 125-250 U of human chorionic gonadotropin and kept at 23°C overnight to induce ovulation. Fertilized eggs were dejellied in 2.5% thioglycolic acid (pH 8.3) solution for a few minutes. After washing, the embryos were cultured in 100% Steinberg's solution (58 mM NaCl, 0.7 mM KCl, 0.5 mM Ca(NO 3 ) 2 , 0.85 mM MgSO 4 , 4.6 mM Tris-HCl, pH 7.4) until use. Developmental stages were determined as described by Niuewkoop and Faber (1967) .
Capped mRNAs for microinjection were synthesized according to the protocol of the manufacturer (Megascript, Ambion). BMP-4 and tBR in pSP64T were linearized by EcoRI and RNA was transcribed with SP6 polymerase. rdd2, rdd2-HA, rdd3, rdd3-HA, rdd3-flag and rdd4 in pCS2+ were linearized by Not I and RNA was transcribed with SP6 polymerase. b-gal in pSP64T was linearized by EcoRI and RNA was transcribed with SP6 polymerase. gfp in pCS2 was linearized by Not I and RNA was transcribed with SP6 polymerase. Each RNA was injected into the animal pole area of 2-cell-stage embryos and into the ventral marginal zone or dorsal marginal zone of 4-cell-stage embryos in 100% Steinberg's solution containing 3% Ficoll by using a micromanipulator (Nanoject, Drummond). Morpholino oligos (MOs) used in the study are as follows: rdd2 MO, 5 0 -CCA-TCT-TGA-ATT-TCA-CCA-AGT-TTT-G-3 0 ; rdd3/4 MO, 5 0 -TAA-ACA-TGG-TGC-TCA-CTC-TCA-GCA-T-3 0 ; control MO, 5 0 -CCT-CTT-ACC-TCA-GTT-ACA-ATT-TAT-A-3 0 (Gene Tools). MOs were injected into the animal pole area of the 2-cell-stage embryos as described above.
For cell lineage-tracing experiment, gfp mRNA alone or gfp and b-gal mRNAs (0.5 ng each mRNA/embryo) were injected into appropriate blastomeres at the 2-cell or 4-cell stage. As these embryos reached st. 13-14 (for transplantation of leukocyte primordium, see Tashiro et al., 2006) or st. 20 (for transplantation of lateral plate mesoderm), labeled tissue was surgically excised and transplanted orthotopically into a stage-matched host embryo. The surgical operation was performed as described previously (Tashiro et al., 2006) . GFP-expressing cells were observed under a fluorescent microscope a few hours after transplantation, and embryos carrying a proper size of donor tissue were selected for further analysis.
Plasmid constructs
To make fusion gene construct of rdd2 and rdd4, the region from the 5 0 -UTR to the codon for serine (aa 30) of rdd2 cDNA and that from the codon for lysine (aa 26) to the stop codon of rdd4 cDNA were amplified. The products were ligated together and cloned in the pCS2+ vector. BamHI and XhoI sequences were added in the ends of the rdd2 fragment, and the XhoI sequence was added to both ends of rdd4 fragment. The primer sequences for amplification of rdd2 were 5 0 -AAT-TGG-ATC-CGT-CCA-GCT-TCC-AAC-TCG-TGC-3 0 (forward) and 5 0 -AAT-TCT-CGA-GTG-AGT-CGT-CAG-ACT-GAA-TCC-3 0 (reverse) and those for amplification of rdd4 were 5 0 -AAT-TCT-CGA-GAA-GGG-GGG-CTG-TGC-GCC- TAA-3 0 (forward) and 5 0 -AAT-TCT-CGA-GTT-AAA-TTT-TAG-AAG-GAG-GGC-A-3 0 (reverse). The resultant plasmid was cut with NotI and RNA was transcribed with SP6 polymerase.
To make HA-tagged constructs of rdd2 and rdd3, primers were designed to add the HA peptide at the C-terminal end of rdd2 and rdd3 proteins. The primer sequences for amplification of rdd2-HA were 5 0 -AAT-TGG-ATC-CGT-CCA-GCT-TCC-AAC-TCG-TGC-3 0 (forward) and 5 0 -AGC-GTA-ATC-CGG-AAC-ATC-GTA-TGG-GTA-AGG-GCA-CTG-GTT-GAC-TTT-GA-3 0 (reverse). The primer sequences for amplification of rdd3-HA were 5 0 -AAT-TGG-ATC-CTG-GTG-CCT-CAG-AGG-AAA-TAC-3 0 (forward) and 5 0 -AGC-GTA-ATC-CGG-AAC-ATC-GTA-TGG-GTA-AAT-TTT-AGA-AGG-AGG-GCA-3 0 (reverse). The products were further amplified by another reverse primer (5 0 -AATT-CTCGAG-AGC-GTA-ATC-CGG-AAC-ATC-GT-3 0 ) to add XhoI site in the 3 0 end of DNAs and ligated into pCS2 at the BamHI and XhoI sites. Likewise, flag-tagged rdd3 was made by PCRamplification using 5 0 -AAT-TGG-ATC-CTG-GTG-CCT-CAG-AGG-AAA-TAC-3 0 (forward) and 5 0 -CTT-GTC-GTC-ATC-GTC-TTT-GTA-GTC-AAT-TTT-AGA-AGG-AGG-GCA-3 0 (reverse). Amplified DNA was added with XhoI site in the 3 0 end and inserted into pCS2 at the BamHI and XhoI sites.
4.4.
Whole-mount in situ hybridization and Northern blot analyses Whole-mount in situ hybridization analysis was performed as described previously (Shain and Zuber, 1996) . Digoxygenin-labeled antisense ribonucleotide probes were synthesized as follows: rdd2 in T-Easy was linearized by NotI and RNA was transcribed with SP6 polymerase; rdd3 in pCS2+ was linearized by ClaI and RNA was transcribed with T7 polymerase; a-globin in pBS was linearized by NotI and RNA was transcribed with T7 polymerase; neptune in pBS was linearized by NotI and RNA was transcribed with T7; lim-1 in pBS was linearized by XhoI and RNA was transcribed with T7 polymerase; flk-1 in pBS was linearized by NotI and RNA was transcribed with T7 polymerase; myosin heavy chain (MHC)-a in pBs was linearized by SalI and RNA was transcribed with T3 polymerase; troponin in pBS was linearized by NotI and RNA was transcribed with T7 polymerase; hex in pBS was linearized by BamHI and RNA was transcribed with T7 polymerase; scl in pGEM7 was linearized by XhoI and RNA was transcribed with SP6 polymerase; pox2 in pSPORT1 was linearized by SalI and RNA was transcribed with SP6 polymerase.
Total RNAs from the embryos at various stages were extracted by the AGPC method (Chomczynski and Sacchi, 1987) . For Northern blot analysis, RNA (10 lg/lane) was run in a denatured 1% agarose gel, transferred to a nylon membrane and hybridized with rdd2 (0.5-kb EcoRI fragment), rdd4 (1.1-kb BamHI/XhoI fragment) and histone H4 (0.5-kb PCR-amplified fragment).
4.5.
Whole-mount immunostaining and histology
Embryos were fixed in Dent's solution (DMSO: methanol = 1:4) overnight. After bleaching in 10% H 2 O 2 (in 30% methanol) solution for 2 h, embryos were incubated with antibodies against a larval T3 globin (monoclonal antibody, L4.27) (Maé no et al., 1992) or anti-muscle actin (monoclonal antibody, Dako) in 95% calf serum/5% DMSO as a first antibody and with AP-conjugated antimouse immunoglobulins (Zymed) as a second antibody. The reaction was visualized in NBT/BCIP solution as a substrate. Embryos injected with MO were fixed in Bouin's solution for 2 h, dehydrated in ethanol, and embedded in paraffin. Transverse sections were hydrated and stained with hematoxylin and eosin. 
